Rapid, inexpensive and simplistic nucleic acid testing (NAT) is pivotal in delivering biotechnology solutions at the point of care (POC). We present a poly(methylmethacrylate) (PMMA) microdevice where on-board infrared-mediated PCR amplification is seamlessly integrated with a particle-based, visual DNA detection for specific detection of bacterial targets in less than 35 minutes. Fluidic control is achieved using a capillary burst valve laser-ablated in novel manner to confine the PCR reagents to a chamber during thermal cycling, and a manual torque-actuated pressure system to mobilize the fluid from the PCR chamber to the detection reservoir containing oligonucleotide-adducted magnetic particles. Interaction of amplified products specific to the target organism with the beads in a rotating magnetic field allows for near instantaneous (<30 sec) detection based on hybridization-induced aggregation (HIA) of the particles and simple optical analysis. The integration of PCR with this rapid, sequence-specific DNA detection method on a single microdevice presents the possibility of creating POC NAT systems that are low cost, easy to use, and involve minimal external hardware.
Introduction
The sensitive and specific identification of nucleic acid targets is central to the fields of clinical diagnostics, food safety, forensics and environmental microbiology. Nucleic acid testing (NAT) typically incorporates amplification and detection technologies, many of which require complex operational steps and expensive instrumentation 1, 2 . Such resource-intensive processes limit the use of NAT assays to reasonably skilled personnel in centralized laboratories and presents challenges for its use at the point-of-care (POC). However, important applications, such as pathogen detection in remote environments and time-critical diagnostics, require assays that can be performed in POC settings 3, 4 . The profound impact promised by microfluidics has garnered extensive efforts focused on the development of truly portable POC NAT technologies 1, 5, 6 , and many of these involve the incorporation of amplification and detection strategies onto a microfluidic platform 7 . Microfluidic assays offer the advantages of rapid analysis, low power consumption, and functional integration of multiple analytical processes 8 . By exploiting the strengths of microfluidics, microdevice-based NAT technologies have the potential to be low cost, portable, and easy-to-use, which are qualities that are critical for implementation at POC.
Some form of amplification is almost always required in NAT to provide specificity, increase the signal, and assure detection of a specific target. A number of techniques have evolved, including strand-displacement amplification 9 , nucleic acid sequence based amplification 10 , and rollingcircle amplification 11 , but polymerase chain reaction (PCR) remains the most popular due to its simplicity and amplification power 12 . PCR on a microfluidic device was first demonstrated in 1993, and has since been replicated and improved in a number of formats 13, 14 . Our group has successfully demonstrated noncontact infrared (IR)-mediated PCR (IR-PCR) for chip-based amplification, and shown the capabilities of this platform to be multiplexed, as well as integrated with upstream and downstream analytical processes [15] [16] [17] .
The post-amplification analysis of DNA takes on multiple forms for end-point or real-time detection, and these range from hybridization microarrays to capillary electrophoresis and capillary gel electrophoresis, among others 1, 12, [18] [19] [20] [21] [22] [23] . Despite the successful implementation of these detection methods on microdevices, many are unsuitable for implementation on POC platforms as a result of the expensive and complex instrumentation required. An attractive detection approach would involve minimal peripheral instrumentation and provide a simple output for interpretation. As such, visual detection methods are an attractive tool for POC applications 4 .
We recently reported a novel particle-driven technique for the visual detection of DNA targets on a microfluidic platform, termed hybridization-induced aggregation (HIA) 24, 25 . HIA utilizes a pair of oligonucleotide probes that are complementary to the target DNA sequence. The probes are immobilized on the surface of paramagnetic particles (via biotin-streptavidin conjugation), and their interaction with target DNA is enhanced by a rotating magnetic field (RMF). The hybridization of the target sequence to the particle-bound probes induces aggregation of the particles in a manner that rapidly provides visual confirmation of the presence of target DNA in the sample. Core to the power of HIA is the ability to differentiate target-specific amplicons from non-specific nucleic acid sequences, which, coupled with the specificity of PCR amplification, brings a second level of specificity to the assay. The inherent simplicity and specificity of HIA make it an ideal approach for end-point detection on a NAT device.
A significant challenge facing the integration of amplification and detection processes are related to microfluidic control and device operation 5 . Necessary fluid handling and actuation almost always requires the use of complex and bulky peripherals that are not amenable to POC testing.
Human operated fluid pumps, such as finger pumps [26] [27] [28] , have emerged as attractive techniques for fluid actuation in microfluidic systems that can be considered portable. In the current work, we exploit a small machine screw to facilitate fluid movement in our microdevice, which is hand-operated and does not require additional equipment or resources. The torque-actuated pressure (TAP) provided by the screw provides deflection of an elastomeric material into a fluid compartment, which displaces the fluid and drives it into a microchannel. In a similar approach,
Weibel et al. previously demonstrated the use of screws embedded in a PDMS microdevice ('TWIST valves') for fluid pumping 29 . The TWIST valves create compartments in which fluids are held under pressure. Upon opening the TWIST valves, the pressure, stored in the elastic deformation of the walls and ceiling of the PDMS, pushes the fluid out of the compartments and into microfluidic channels.
It is imperative to control the actuation and timing of fluid flow in integrated microfluidic devices. This has traditionally been achieved with pneumatic valves 30 that require external hardware (e.g., vacuum pumps or electronic junctions) 31 , escalating the cost and footprint of the micro-platform. Geometric passive valves are attractive because they exploit the microchannel architecture itself to create surface tension at the meniscus that halts fluid flow via capillary action. Such passive valves have been challenging to create in PMMA, an increasingly common material in microdevice fabrication due to low cost and rapid fabrication with CO 2 laser ablation.
The difficulty in creating passive valves in PMMA is due to roughness of the surface and lack of precision associated with laser ablation-based microfabrication. Recently, Mohammed et al. Achieving fluidic control with a novel laser-ablated capillary burst valve and manual torqueactuated pressure system allowed for the integration of multi-sample IR-PCR with HIA-based detection on a simplistic PMMA microdevice (Fig. 1) . We demonstrate the utility of this device for the rapid detection of the zoonotic pathogen Salmonella enterica 34 , an organism of substantial public health concern. 
Fabrication of the microdevice, manifold, and rotating magnetic field construct
The microdevice architecture was designed using AutoCAD software. A VersaLASER system 3.50 from Universal Laser Systems (Scottsdale, AZ) was used to ablate the architecture into PMMA (0.5mm thick) purchased from Astra Products (Baldwin, NY) for each of the three layers of the microdevice. The layers were then thermally bonded using established methods, to create a microdevice with a total thickness of 1.5 mm 35 . After loading the PCR reagents into the device, the device was sealed with MicroAmp® qPCR adhesive film from Applied Biosystems (Grand Island, NY). A manifold was constructed using 2 layers of PMMA (each with a thickness of 0.635 cm), which encased the microdevice while keeping the PCR and HIA Analyst Accepted Manuscript chambers uncovered (see Figure 6 ). A septum (PTFE face/silicone body) from Sigma Aldrich (St. Louis, MO ) was placed above each of the three sample inlets, between the microdevice and the top layer of the manifold. 6-32" mechanical screws were incorporated into the top layer of the manifold, with one above each of the three sample inlets. 3 additional mechanical screws were used to "close" the manifold and pressurize the microdevice.
The rotating magnetic field construct was fabricated using 1.0 mm PMMA. Three 2 mm 3 neodymium magnets were incorporated onto the construct using a layer of adhesive film. A small motor was connected to the construct to induce automated movement of the magnets in a circular path beneath each HIA chamber.
Channel depths were calculated using Zeiss Axio A1 microscope fitted with a 5X objective.
Reagents
Dynabeads® MyOne™ Streptavidin C1 paramagnetic beads were purchased from Invitrogen 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript Particles were prepared according to the manufacturer's protocol to produce stock particle concentration: 2 mg/mL. Final suspension buffer: 500 µL of 200 mM potassium chloride, 10 mM Trizma base, pH 7.5.
Conjugating Oligonucleotide Probes to Particles
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PCR
PCR was performed using the following cycling protocol: initial hold at 95 °C for 2 min followed by 32 cycles of 95 °C for 5 sec, 60 °C for 15 sec, and 72 °C for 20 sec, and then a final hold at 72 °C for 2 min. Final concentrations of reagents were, MgCl 2+ 3 mM, dNTP's 0.4 µM , 1x PCR buffer, polymerase 2.5 units, primers 2 µM. Non-integrated assays were then removed from the microdevice and the product was separated and detected using an Agilent 2100
Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA). 
PCR primers and HIA probes
Image Analysis
For dye studies and HIA detection, images of the HIA chambers were collected using a T1i DSLR camera with MP-E 65 mm f/2.8 1−5× macro lens purchased from Canon U.S.A., Inc.
(Lake Success, NY). Image processing was performed using Mathematica™ software. 
Results and Discussion
Multiplexed IR-PCR
Analyst Accepted Manuscript
If HIA is to be an effective technique for sequence-specific DNA detection, it will either have to detect high copy number targets or rely on some form of DNA/RNA amplification to generate enough target for optically-detectable DNA-bead aggregation. It is in this respect that multiplexed PCR is important for specificity, and it is critical to include controls that minimize false negatives due to failure in amplification or sample preparation. With HIA, this facilitates simple interpretation of the results and immediate classification of the sample, via a visual sideby-side comparison with positive and negative controls.
To achieve multiplexed amplification in a microfluidic format that begins to address the potential for fully integrated analysis, four elliptical-shaped chambers, each having a volume of 2 µL, were symmetrically orientated within the 7 mm (diameter) focal spot of the halogen bulb (defined by the distance of chip positioned above the bulb); three are for PCR samples/controls, with the fourth used as a reference for temperature control ( Fig. 2A) . To evaluate temperature homogeneity across all PCR chambers, all chamber temperatures were measured simultaneously using independent thermocouples. The chamber-to-chamber variation in temperature was determined to be ± 2°C (data not shown). To test the effect of this variation on PCR performance, PCR specific for a 278 bp fragment of the S. enterica genome was carried out, and the PCR product generated in each chamber was analyzed by microchip electrophoresis using the Agilent Bioanalyzer (Fig 2B) . Using the semi-quantitative capability of the Agilent Bioanalyzer, it was determined that ~3 ng (±0.3 ng) of the 278 bp fragment was produced in each of the microchip PCR reactions using 1 ng of pre-purified template DNA. With this defining comparable PCR results across all PCR chambers, it was concluded that the slight variation in temperature did not have a significant impact on PCR performance; therefore, three samples could be processed simultaneously on the device without a position-dependent bias. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript
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Torque actuated pressure (TAP) system for reagent delivery
Following the completion of amplification, a reproducible volume of the PCR product must be transferred to the HIA chambers for sequence-specific detection. With the aim of avoiding the use of any form of external hardware for fluid flow control (to maintain low cost, portability and ease of use), we created a torque actuated pressure (TAP) system for fluid actuation. Using the turning of a 6-32" mechanical screw to force the elastomeric materials used to seal the device (septa and bio-film; described in following section) into the sample inlet, the PCR product is forced through the channel into the HIA detection chamber (Fig. 3A) . For this, we fabricated a circular 1 mm deep cavity with a 1.33 mm radius, yielding a total inlet volume of 5.6 µL prior to any deformation of the elastomeric materials by the TAP. Dye studies were performed to verify the intra-and inter-device reproducibility of the TAP delivery system in precise mobilization and delivery of a desired volume of fluid. Blue dye (representing PCR reagents) was used to fill the inlet, PCR chamber and the channel to the valve, while yellow dye (representing HIA reagents) was used to fill the HIA detection chambers. As blue and yellow dyes mix as a result of the TAP activation, the hue resulting from the color change increases proportionally with the volume of blue dye added. A calibration curve was created by adding 3 µL of blue dye in 0.25 µL increments to the yellow dye, followed by image capture and processing 36 . The results from six separate trials showed that the TAP system was capable of reproducibly mobilizing 2 µL of fluid into the HIA reservoir with a variability of only 3.31% (Fig. 3B) . This volume was attained through complete deformation of the elastomeric material by the TAP, which avoids any variability due to user-to-user differences in the degree to which the screw is turned. Accounting for unreacted master-mix in the channel upstream of the capillary valves, 1 µL of PCR product 
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was transferred into the HIA reservoir, which is the volume of PCR product previously determined to be optimal for the HIA assay 24 .
The TAP reagent delivery system allows us to avoid limitations associated with the Wiebel et, al. TWIST valve on a PDMS device. First, reagent evaporation through permeation is observed in PDMS, which would prevent successful PCR; we avoid this by adopting a PMMA substrate.
Additionally, the hysteresis of the PDMS prevents much of the available liquid in a compartment from being released with the TWIST valve; this is not an issue with our PMMA device. Finally, the fabrication process to incorporate the single-use screws into the PDMS device for the TWIST valve is labor-intensive, whereas the mutli-use TAP method utilizes simple one-time tapping of the PMMA manifold (which encases the microdevice) as the only extra 'fabrication' step required to incorporate the screws into the microfluidic system. This strategy of using a PMMA manifold to house the screws was also employed by Holcomb et al. to facilitate torque-actuated valving 37 ; however, until now, this technique has not been demonstrated for fluid actuation and delivery.
Sealing and pressurization of the microdevice
The laser-ablated surface of the PMMA microdevice is rough, and thus prone to bubble formation 38 . Therefore, sealing and pressurization of the device was required to prevent bubble expansion, which would drive the PCR reagents out of the chamber during thermal cycling. In previous work, sealing and pressurization was achieved using biocompatible film and a PMMA manifold; however, this was applied to seal inlets with a radius of 0.5 mm and proved insufficient for our TAP inlets with nearly 3X the surface area (1.33 mm radius) (Fig. 4A ) 38 .
Therefore, an additional sealing component was required to prevent bubble expansion. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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Additional pressure was applied with a septum (conventionally used to seal sample vials in capillary electrophoresis) placed above the inlets. The combination of bio-film, septa, and a PMMA manifold successfully minimized bubble expansion in the PCR chambers at 95 °C, allowing PCR to be performed successfully (Fig. 4B) . The silicone composition of the septa prevented any sample loss through the bio-film, and was easily deformed with the application of the screw for fluid actuation. Importantly, due to the exceptional thermal stability of silicone, the elasticity of the septa is maintained even when exposed to the high temperatures required for PCR 39 .
Capillary burst valves
In initial microdevice designs, the slight pressure that needed to be applied above the TAP inlets to assure sealing caused the premature movement of fluid through the PCR chamber, the microchannel, and into the HIA reservoirs. This can typically be avoided by applying even pressure across the device at all times; however, concurrently pressurizing the HIA reservoirs and PCR chambers would be challenging without the use of sophisticated pneumatic hardware.
An alternative counter-pressurization scheme was used to immobilize the PCR reagents in the channel, based on a geometric capillary burst valve. The basis of this valve design stems from a previously reported 'fishbone valve' 40 involving the widening of a microchannel at a 90° angle to the direction of the flow; this creates the necessary surface tension to halt fluid flow. Such valves have been created in PMMA by laser-ablation using a rastering technique 32 . However, for effective valving, these require channels with a minimum dimension at the valve junction of 240 µm(w) x 600 µm (d), thus resulting in large dead-volumes (i.e., unreacted PCR reaction mix) that may be problematic for the downstream chemistry. Furthermore, our experience indicates that laser ablation systems can lack the necessary precision to connect vector and raster ablated Analyst Accepted Manuscript channels in the same plane (i.e., micron-scale resolution). For these reasons, we adapted the fishbone valve approach, using vector etching to create an opening perpendicular to the channel, reducing dead-volume and fabrication errors. Two burst valves in sequence were used, the second as a 'back-up' valve should the first valve be breached (Fig. 5A,B) . Notably, we never experience failure of the second valve with this device, while the failure rate of the first valve is ~5%. To minimize bubble formation caused by sharp corners in the microfluidic geometry, the valve was created with an oval shape and a depth of 170 µm -this was the minimal channel depth that could be reproducibly laser-ablated without channel collapse during thermal bonding (Fig. 5C) . The valve was determined to burst at 0.4 PSI (2758 Pa), which is exceeded by the TAP to facilitate fluid movement to the detection chamber following PCR (data not shown).
HIA Detection
Once PCR amplification is completed, 1 µL volume of PCR product is mobilized to the HIA chamber for exposure to the oligonucleotide probe-adducted paramagnetic particles. Note that the HIA chambers were positioned 10 mm from the edge of the IR focal spot to minimize the effect of heating during PCR. As reported previously 24, 25, 41, 42 , hybridization of the particlebound probes to the amplified DNA in the presence of a rotating magnetic field (RMF) leads to particle aggregation. The single large bar magnet used previously was replaced with individual 2 mm 3 neodymium magnets positioned under each HIA detection chamber (Fig. 6) . The magnets were encased in a machined PMMA holder connected to a small motor to induce automated movement of the magnets in a circular path beneath each HIA chamber. To avoid magnetic field cross-talk (magnet from one chamber affecting another chamber), the radius of rotation for each magnet required confinement to 3.5 mm underneath the 2.5 mm (radius) HIA well (Fig. 6C) . By applying a magnetic field in this manner, the particle aggregation in the presence of target 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript sequence (or dispersion in the absence of target) was complete in 30 seconds, allowing for rapid, specific DNA detection.
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Integrated amplification and detection of Salmonella enterica
To demonstrate functionality in an integrated format, however rudimentary, PCR amplification followed by direct bead aggregation detection was evaluated with the detection of Salmonella enterica in a sample. Using the same PCR protocol and reagents/primers used to generate the data in Figure 2B (and described in Materials and Methods), 32 cycles of IR-PCR was performed in only 34 minutes 36, 43 . In these analyses, the four chambers were utilized for thermocycling of positive control, negative control, test sample, and the reference chamber for temperature control (C3, C2, C1, and R1, respectively in Fig. 2A) . In both the positive control and test sample chambers, 1 ng of pre-purified bacterial DNA was thermocycled. Following PCR, the HIA detection chambers were manually filled with HIA buffer and the oligonucleotidebound particles. (Note that HIA reagents were not pre-loaded due to evaporation effects during PCR). TAP was initiated, moving any generated PCR products through the burst valves into the HIA chambers, where rotation of the mounted magnets at 150 rpm for 30 seconds enhanced the target-particle interaction. While aggregation was obvious to the naked eye, a custom algorithm was used to objectively evaluate the degree of aggregation (Fig. 7) . With HIA, the greater the extent of aggregation, the larger the number of target molecules per unit volume in the sample.
The software filters out the background, so only the aggregated particles are counted as 'pixels' (Fig 7B) . This showed that the test sample had a 99 % Aggregation value that was comparable to the Salmonella positive control, while negative control resulted in a minimal HIA response (p value=0.002), confirming the presence of Salmonella enterica DNA in the sample (Fig. 7C) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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